The mammary gland undergoes apoptosis when estrogen ablation occurs, either naturally or enforced. The gland is known to execute the apoptotic process post weaning. Although the involuting mammary gland displays the characteristic biochemical features of apoptosis, including DNA fragmentation, chromatin condensation, and the formation of apoptotic bodies, it also shows evidence of an autophagic death. In this report, apoptosis of the gland was induced by removing the pups from their nursing mothers. In particular, we show that lysosomes increased in size and number, and moved from basal to apical regions in dying rat mammary gland cells. Lysosomal enzyme activities were significantly greater in degenerating mammary gland (day 4 post weaning) epithelial cells when compared with day 0 gland cells. Moreover, these hydrolases were responsible for degrading cytosolic and nuclear components, and thus the whole cell. Taken together, our results demonstrate that the mammary gland dies by lysosomal autophagy in addition to apoptosis during post-lactational involution. Our studies indicate that the lysosomal compartment may serve as an important target organelle for the creation of specific, effective, and novel therapies for breast cancer.
Introduction
Considering the coordinated regulation between cell survival and cell death that must be maintained for normal growth, it is not surprising that apoptosis has emerged as a fundamental component in the regulation of tissue homeostasis. Therefore, it is feasible that cell survival and apoptosis are regulated through a common pathway; however, such a divergent mechanism has not been previously described [1] . Apoptosis of the secretory mammary epithelium occurs during the post-lactational involution of the mammary gland. This is evidenced by morphological and biochemical changes that are characteristic of this type of cell death [2, 3] . The involution is characterized by an increase in the number of apoptotic events in the luminal epithelial layer of the lobulo-alveolar compartment soon after weaning [4, 5] . This is followed by proteolytic degradation of supporting basement membrane and major remodeling of the gland. There is also marked activity of lysosomal enzymes during apoptosis of the mammary gland [6, 7] . The expansion of the lysosomal compartment is paralleled by a substantial increase in the synthesis, secretion, and activity of several lysosomal hydrolases that degrade components of the basement membrane [8, 9] . Lysosomes contain over 40 lytic enzymes that can degrade all classes of macromolecules.
Maintenance of the differentiated structure of the gland and survival of the secretory epithelium during lactation depends upon a combination of extracellular survival signals originating from neighboring basement membrane, cell adhesion molecules, lactogenic hormones, and as yet, undefined local factors [2] . Disruption of these signals is known to potentiate apoptosis of mammary epithelial cells, but the downstream effectors of these pro-apoptotic signals remain elusive. For instance, in the absence of estrogen, the secretory epithelial cells of the mammary gland undergo successive waves of cell death coincident with extensive reorganization of the surviving tissue.
In this report, we show that the mammary gland displays the characteristic morphological features of apoptotic cells in response to hormone ablation induced by weaning. In addition, we demonstrate the expansion of the lysosomal compartment and that the enzymatic activities of several lysosomal hydrolases are significantly elevated during apoptosis in the mammary gland. These results indicate that lysosomes are actively involved in degrading the post lactating gland as it involutes.
Materials & methods
Rearing of the animals and isolation of the mammary gland
The Sprague-Dawley rat is highly regarded for studies designed to investigate the effects of endocrine modulation on mammary gland apoptosis and carcinogenesis. Nursing Sprague-Dawley female rats were obtained with litters from Taconic (Germantown, NY). The animals were allowed free access to food and water. The mothers were allowed to nurse their pups for 3 weeks. The pups were taken from the mothers at day 0 (lactating) and the involuting breast tissue was harvested following weaning. The excised tissue was fixed overnight in 4 % paraformaldehyde at 4°C, embedded in ophimum culting temperature, frozen in liquid nitrogen, and cut as 5μ m sections onto poly-L-lysine coated slides from Sigma (St. Louis, MO).
Lysosomal enzyme assays
Acid phosphatase activity was measured using an assay from Sigma according to the manufacturer's instructions. Briefly, mammary glands were homogenized in 0.5 mL 0.9% NaCl and the homogenates were clarified by centrifugation for 5 min at room temperature. The reaction mixture [0.5 mL of pnitrophenyl phosphate (substrate), 0.5 ml of 90 mM citrate buffer, pH 4.8, and 0.1 mL of homogenate] was incubated for 30 min at room temperature, and the reaction was terminated by the addition of 5 mL of 0.1 N NaOH. In alkali, liberated p-nitrophenol was measured spectrophotometrically at 410 nm.
Cathepsin B was monitored using an enzymatic assay from Sigma according to the manufacturer's instructions. Mammary glands were homogenized in a buffer (pH 6.0) containing 352 mM potassium phoshate, 48 mM sodium phosphate, and 4 mM EDTA and clarified by centrifugation. The substrate was Nα-CBZ-Arg-Arg-7-Amido-4-Methylcoumarin. The increase in fluorescence intensity for liberated 7-Amino-4-Methylcoumarin was recorded at the excitation wavelength of 348 nm and the emission at the wavelength of 440 nm for 5 min.
β-N-acetylhexosaminidase (hexosaminidase) was also assayed according to Sigma's protocol. The glands were homogenized in 0.5 mL 0.9% NaCl (pH 4.8) and the homogenates were clarified by centrifugation for 5 min at room temperature. The substrate used was p-nitrophenyl-N-acetyl-β-glucosaminide. The liberation of p-nitrophenol and N-acetyl-D-glucosamine was measured spectrophotometrically at 410 nm.
Statistical analysis
Student's t-test was used for the determination of statistical significance. Absorbance values for day 0 and day 4 involuting mammary gland extracts were considered statistically different at P = < 0.05.
Results and discussion
In order to determine whether lysosomes play a role in post-lactational apoptosis in mammary glands, we used an in situ assay to localize these organelles. Acid phosphatase (AP), a marker enzyme for lysosomes [10] , was used to identify lysosomes. The histochemical examination of AP in post weaning mammary glands is shown in Fig. 1 . The gland was a healthy secretory gland at the onset of weaning, day 0 (Fig. 1, panels a and c) . Negligible AP staining was detected on day 0. However, four days post weaning (day 4), the mammary gland was highly vacuolated as evidenced by the loss of connective tissue (Fig. 1, panels b and d) . Day 4 glands displayed marked positive AP staining, which is indicative of the presence of lysosomes, shown as dark granules (Fig. 1 panels b and d) . These results indicate that the gland is histolyzed by lysosomal enzymes, which can degrade all macromolecules. We postulated that the increase in AP staining from the above studies could be the result of increased enzymatic activities of lysosomal hydrolases. Consequently, we determined the activities of three major lysosomal enzymes found in the mammary gland: cathepsin B, β-N-acetylhexosaminidase, and acid phosphatase. The activities of all of the enzymes investigated were statistically higher in day 4 involuting gland extracts compared to the values in day 0 gland extracts (Figs. 2,3,4) . These data support the notion that the synthesis of these three lysosomal enzymes is upregulated during the cell death of the mammary gland. Apoptosis plays important roles in mammary development from early embryonic formation of the mammary gland to the regression that follows cessation of cycling [4] . The most dramatic occurrence of apoptosis is found during mammary involution. This is an important element in the developmental repertoire ensuring tissue homeostasis and proper disposal of cells that are no longer needed, such as milk-producing epithelial cells in the mammary gland after lactation. Involution of the mammary gland following weaning is divided into two distinct phases. Initially, milk stasis results in the induction of local factors that cause apoptosis in the alveolar epithelium [11] . Secondly after a prolonged absence of suckling, the consequent decline in circulating lactogenic hormone concentrations initiates remodeling of the mammary gland to the virgin-like state. Morphological studies and gene expression have suggested that apoptosis during involution is comprised of two phases: an early limited apoptosis in response to hormone ablation and later protease promoted widespread apoptosis in response to altered cell-matrix interactions and loss of anchorage [4] . Our data agree with those of Djonov et al. [12] who reported that the cell death that accompanies the involution of the mammary gland was only partly due to apoptosis.
Conclusion
The expression levels of lysosomal hydrolases have been used to monitor disease response and drug treatment in breast cancer patients [13] . These authors demonstrated that tamoxifen may have its antitumor effects by regulating the expression of several tumor marker enzymes, including those of lysosomal origin. The detection assays for these enzymes are inexpensive, quick, and are accurate. Our studies suggest that novel therapies for carcinomas of the breast may involve activation of lysosomal enzymes in tumor cells.
